The electronic structures of two-dimensional (2D) indium (In) and bismuth (Bi) metal on BN nanosheets are systematically studied using hybrid density functional theory (DFT). We found that 2D In and Bi metal effectively modulate the band gap of a BN nanosheet. We also found that the indirect band gap of the 
Introduction
Typical two-dimensional (2D) materials include graphane, MoSe 2 , WS 2 , MoS 2 , WSe 2 , and black phosphorus. [1] [2] [3] [4] These 2D semiconductor materials have excellent optical and electronic properties, as well as high surface area to volume ratios and a low coordination of their surface atoms. 5 This low coordination of the surface atoms causes the surface atomic bonds to contract, which in turn inuences the electronic densication, polarization, charge transfer and local bond strains. 6 Therefore, reducing the number of atomic layers can regulate the band gap, as well as the electronic, electrochemical, optical, and catalytic properties.
Recently, researchers have reported on monoatomic layers of As, Bi, and Sb metal. 7, 8 Zhang et al. found that single atomic layers of As and Sb metal form indirect semiconductors with band gaps of 2.49 and 2.28 eV, respectively. 9 Reis et al. undertook a combined theoretical and experimental study of monolayer Bi metal grown on a SiC(0001) substrate to achieve an indirect gap of 0.67 eV. 10 The conversion of metallic conductors to semiconductors through a reduction in the number of atomic layers, 11 and the resulting electrochemical, optical, and catalytic and electronic properties, is an important aspect of these materials that warrants careful study.
In an actual 2D device, the 2D materials typically have to be in contact with a metal or semiconductor substrate. Therefore, twodimensional heterojunctions can change the electronic states, band gap, and photocatalytic properties, as well as the physical and chemical properties that can be used in the design of new devices.
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In the present study, we determined the band gap of a single honeycomb BN sheet to be 4.76 eV. Density functional calculations showed that the band gap can be tuned using Bi/BN and In/BN heterostructures, for which the band gaps are 0.70 and 0.16 eV, respectively. Therefore, we can change the band structure by adding 2D metal to a 2D semiconductor. The results of the present study provide a new route to the design of desirable semiconductors using 2D metal and semiconductor heterostructures.
Methods
The energetics and electronic properties of Bi, In, BN, Bi/BN, and In/BN structures were analyzed from rst principles. The DFT calculations used the projector-augmented wave potentials of the hybrid density functional, which was implemented in the CASTEP soware. We used the HSE06 (ref. 23 ) hybrid density function to describe the electron exchange and correlation potential. The 2D stable structures of Bi, In, BN, Bi/BN, and In/ BN are shown in Fig. 1 . For the DFT calculations, we used the Vienna ab initio simulation package (VASP) to optimize the initial structure such that the structure would converge faster. Then, we used the CASTEP soware to optimize the structure and other properties. We assumed that the Bi/BN and In/BN heterostructures of the atomic layer would inuence the van der Waals force and relax the lattice constant and atomic position. The plane wave cut-off value was 700 eV. The k-points of the Brillouin zone were employed for sampling to relax the lattice constants of 2 Â 4 Â 1. The vacuum space was approximately 16Å. In the calculations, the criteria affecting the atom force convergence and energy were set to 10 À6 eV and 0.01 eV A À1 , respectively. 
Results and discussion
We calculated the formation energy of the Bi/BN and In/BN heterostructures. The formation energy E form is dened as:
These negative formation energies mean that the 2D heterostructures are energetically favorable. 24 A lower E form value means that the calculated heterostructures have a lower energy state and a more stable conguration, suggesting that the structures could be synthesized in the laboratory. The formation energies E form are shown in Table 1 .
The electronic structures and band gaps of Bi, In, BN, Bi/BN, and In/BN were calculated. For the Bi/BN and In/BN heterostructures, we considered the inuence of the van der Waals forces, assuming the changes in the internal plane structure to be small and negligible. As can be seen from Fig. 1 , the twodimensional structure requires some spacing to maintain its stability. We set the initial vertical distance between the bottom BN layer and the top metallic layer to 3.0Å. The atomic layer distances between the two monolayers in the heterostructures, aer relaxation, are listed in Table 2 . The layer distances of the Bi/BN and In/BN heterostructures are 4.45 and 3.77Å, respectively.
In the Bi/BN and In/BN heterostructures, the average bond lengths of the In-In and Bi-Bi metal bonds are 3.107 and 3.067 A, respectively. The In-In and Bi-Bi metal bulk bond lengths are 4.36 and 3.379Å, respectively. The In-In and Bi-Bi bond lengths in the Bi/BN and In/BN heterostructures were found to be slightly shorter than the In and Bi metal bulk bond lengths, which can be attributed to the reconstruction of the surface atoms to accommodate the surface bond contraction caused by the lattice strain. As shown in Fig. 1 , the metals have a plane geometric structure. Meanwhile, the Bi metal has a curved honeycomb geometric structure. The In-In metal and Bi-Bi metal bond angles in the Bi/BN and In/BN heterostructures are 78.54-99. 19 and 106. 16-166.82 , respectively. This curved honeycomb structure of the Bi metal helps to stabilize the layered structure, in the same way as blue phosphorene, germanene, silicene, and stanene. Energy distribution is also important to physical and chemical systems. The energy distribution determines the state of the system and the electronic properties of the material. The band gap, valence band, and conduction band can be clearly obtained from the DOS diagram. The local densities of states (LDOS) for the 2D structures of Bi, In, BN, Bi/BN, and In/BN are shown in Fig. 2 Fig. 2(a) . Fig. 2 heterostructures at the Fermi level is mainly caused by the Bi metal. Similar DOS values were also observed for the BN and Bi/ BN heterostructures, as shown in Fig. 2(c) and (d) . The s and p electrons of In and Bi metal ll the top of the valence band of the BN sheets. Fig. 3 shows that the electronic contribution and charge transfer of the valence band maximum (VBM) and conduction band minimum (CBM) of the Bi/BN and In/BN heterostructures at the Fermi level are mainly caused by the Bi and In metal. These results are in good agreement with the latest model of electron transfer at a Ag/graphite heterojunction. 25 Our computations show that monolayer Bi and In metal feature a semiconductor band gap. To gain further insights, the VBM and the CBM of Bi and In are mainly composed of the p and s orbitals of electrons. We found that the main peak of the DOS in the CBM lies at 0.70 eV for Bi, 0.09 eV for In, 4.76 eV for BN, 0.16 eV for Bi/BN, and 0.70 eV for In/BN. Most importantly, we observed that the band gap of the metal Bi is 0.70 eV. These results demonstrate that a new band gap has been formed in the metallic Bi. Therefore, the two-dimensional structure of the Bi metal has been converted into a semiconductor material. Similar electronic structure transitions from a metal to a semiconductor are also observed for the monolayer of metallic In.
Geometric structure determines the electronic properties. The Fig. 4(b) , Bi/BN band gap is 0.7 eV which is same to the band gap of Bi (0.7 eV) in Fig. 4(a) . The geometric structure of Bi metal is comparable to the geometric structure of Bi on BN sheet; we found that its atomic position does not change much. The In/BN band gap is 0.16 eV which is larger than the band gap of In (0.09 eV) in Fig. 4(c) . We found some changes in the atomic positions, as shown in the Table 3 . Fig. 4 shows not only the band gaps of the Bi/BN and In/BN heterostructures, but also those of the monolayers of Bi, In, and BN. The band gaps of the Bi/BN and In/BN heterostructures, as calculated by hybrid DFT, are 0.70 and 0.16 eV, respectively, which are 4.06 and 4.60 eV lower than the corresponding values for the monolayer BN sheet. Previous experimental and theoretical studies of the band gaps of Bi on a SiC substrate yielded a value of 0.67 eV (ref. 10) while for a single honeycomb BN sheet, the value was 4.80 eV. 26 We studied the Bi/BN and In/BN heterostructures, nding that the band gap is smaller than that of the BN sheet, implying that the band structure can be adjusted by using 2D metal with semiconductor properties.
Layered Bi/BN and Bi/BN heterojunctions congured using Bi and In metal were synthesized in the laboratory using molecular beam epitaxy. We could control the band structure by changing the local atomic orbital interactions. Given the special electronic properties, the deformation charge density can be used to determine the characteristics of the atomic bond through the corresponding energy density distribution. Negative charge density regions cause electrons to diverge and positrons to accumulate, forming charge-density regions. The transfer of the charge is represented by a deformation charge density map using different colors. The charge accumulated between two atoms forms a covalent bond; however, charge transfer or divergence gives rise to an ionic bond. For example, the point at which the covalent bond electrons converge is between two atoms, such that an ionic bond converges to one side. Fig. 5 shows the deformation charge density. We believe that the formation of the Bi/BN and Bi/BN heterostructures is mainly due to the transfer of the charge and electronic density distribution. The scale indicates the charge distribution. The increase and decrease in the number of electrons is shown in blue and red, respectively. For the Bi/BN and In/BN heterostructures, the BN nanosheet deformation charge density is shown in red and blue. That is to say, a positive deformation charge density causes the electron density to increase. In contrast, the deformation charge density of the 2D In and Bi metals is mainly shown in red. The deformation charge density is negative, indicating that electrons are lost from these parts. We examined the Bi/BN and Bi/BN heterostructures and found that they all have indirect band gaps and interlayer coupling.
Conclusion
We studied the electronic properties and atomic bonding of Bi/ BN and In/BN heterojunctions containing 2D In and Bi metals, and compared the results with the corresponding monolayer 2D metals and BN nanosheets. The band gap of In/BN and In are 0.16 eV and 0.09 eV, respectively. The Bi/BN band gap is 0.7 eV which is same to the band gap of Bi. The calculated band gaps for Bi, In, BN, Bi/BN, and In/BN indicate that these 2D metal and metal-semiconductor heterojunctions have suitable band gaps. Theoretical predictions indicate that Bi, In, BN, Bi/BN, and In/BN are promising candidates for new 2D materials. These ndings will be useful to the design of related optoelectronic devices.
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